Tungsten has been considered as the most promising plasma-facing materials (PFMs) for the future fusion reactor due to its excellent chemical and physical properties. In this work, different kinds of tungsten-based PFMs including pure W, W-K, and W-Y 2 O 3 alloys were prepared via powder metallurgy. Then, high-energy rate forging was used for the plastic deformation to refine the grain size of the samples and increase their densities. To evaluate the service performance of these tungstenbased PFMs under edge plasma conditions, the deformed samples were exposed to high-energy hydrogen (H) neutral beam doped with 6 at% helium (He). Sequentially, edge-localized mode-like transient loadings (1 ms, 100 cycles) were carried out on the specimens with neutral beam pre-loading to study the impact of H/He pre-loading on the generation and propagation of cracks. The microstructural changes of the exposed surfaces were observed by scanning electron microscopy with the help of focused ion beam. The experimental results indicate that H/He neutral beam irradiation could induce obvious surface damages of the tested samples. For example, pinhole and coral-like nanostructures were formed on the surfaces of the exposed samples, as the surface temperatures were relatively high. The cracking thresholds of the W-Y 2 O 3 samples with and without neutral beam pre-irradiations were both between 0.22 and 0.33 GW m −2 , while the cracking thresholds of pure W and W-K samples were less than 0.22 GW m −2 . This result indicates that the H/He neutral beam pre-loading has no significant impact on the cracking threshold. In addition, the crack pattern on the surface of the exposed samples closely depends on the grain boundary pattern.
Introduction
In a magnetic nuclear fusion device, plasma-facing materials (PFMs) should have capabilities of withstanding the high heat loading, high flux plasma, and neutron with an energy of 14 MeV, as well as the others resulting from the harsh environment, such as large electromagnetic force. Tungsten has been considered as the most promising PFM for the future fusion reactor because of its high melting point (3410 °C), good thermal conductivity, low sputtering rate, and low tritium retention [1] [2] [3] [4] . However, the inherent disadvantages of pure tungsten, such as poor machinability, low-temperature brittleness, and high ductile-brittle transition temperature (DBTT), prevent pure tungsten as the ideal PFM in fusion reactors. Therefore, W-based PFMs with the excellent mechanical property and irradiation resistance are urgently needed.
In recent studies [5] [6] [7] [8] , different kinds of dispersionstrengthened tungsten materials processed by hot-plastic deformation have been developed. The obtained samples have fine grains and improved performances. Under International Thermonuclear Experimental Reactor (ITER)-relevant conditions, the steady-state heat load on the PFMs could exceed 10 MW m −2 , leading to the surface temperature of the PFMs of ~ 1373 K [9, 10] . Transient thermal load events, such as edge-localized modes (ELMs), also cause significant surface damages, such as roughening, cracking, and melting [11] . In addition, the bombardment of high-energy He ions could cause the formation of nanostructures (such as pinholes, coral-like nanostructure, and "fuzz") on the surfaces of PFMs [12] . Currently, there are many studies focusing on Tungsten www.springer.com/42864 the formation of particle irradiation-induced defects of the PFMs. The influence of grain orientation on the formation of nanostructures [12] [13] [14] [15] [16] is also investigated. Recently, the surface roughening and crack formation under the thermal heat loading are also well studied [17] [18] [19] [20] . However, during the operation of a future fusion reactor, the PFMs under service are exposed to the pulse thermal load and H/He mixed beam simultaneously [21] . Therefore, the synergetic effect [22, 23] of the transient thermal load and H/He mixed beam attracts more and more attention. However, relevant researches on the W-based PFMs processed by plastic deformation are very limited. Therefore, the synergistic effects of the ELM-like thermal load and high energetic H/He loading on the surface-damage evolution process of W-based PFMs with plastic deformation need to be investigated clearly.
In this work, high-energy H/He neutral beam irradiation on pure W, W-K, and W-Y 2 O 3 samples processed via highenergy rate forging (HERF) were performed by the neutral beam facility GLADIS [Max Planck Institute for Plasma Physics (IPP), Garching] to evaluate the irradiation performance of the forged dispersion-strengthened W alloys under edge plasma conditions. Then, the effects of H/He neutral beam pre-loading on the generation and propagation of cracks on the tungsten-based PFMs exposed to ELM-like transient loads were performed.
Experimental

Samples
In the present work, three kinds of tungsten-based PFMs (pure W, W-Y 2 O 3 , and W-K alloy) with plastic deformation were employed. Pure tungsten was prepared by a hotpressing method with commercial pure tungsten powder which has a purity of 99.999%. The W-Y 2 O 3 composite was also prepared by a hot-pressing method with tungsten and Y 2 O 3 -mixed powder. The mixed powder was prepared by a liquid-liquid (L-L)-mixing process [24, 25] . The W-K alloy was prepared by high-energy ball milling combined with spark plasma sintering (SPS) [26] .
After sintering, the pure W, W-Y 2 O 3 , and W-K cylindrical compacts were thermo-mechanically processed into discs by HERF. After the double-forging process, small discs with the final thickness of ~ 6.5 mm (with the height reduction of ~ 75%) were obtained [27] . Then, annealing at 1100 °C in a hydrogen atmosphere for 30 min was performed to release the thermal stress generated during forging. The HERF-processed tungsten-based PFM exhibits a lamellar structure and has numerous microstructure defects (e.g., dislocations). Specimens with dimensions of 5 mm × 10 mm × 5 mm, 5 mm × 10 mm × 10 mm, and 5 mm × 10 mm × 15 mm were cut from the discs, and the actively water-cooling components were fabricated by joining the samples to a copper heat sink for the high heat flux test (HHFT) [28] .
High-energy neutral beam irradiation
All the tungsten-based alloys were exposed to neutral beams in the Garching large divertor sample test facility (GLADIS) facility at IPP in Garching [29] . Two groups of samples with different heights of the tungsten-based PFMs (5, 10, and 15 mm) were employed. Pure tungsten and W-K samples were one group, W-Y 2 O 3 samples were another group. Figure 1 shows the schematic of the mock-up with pure W and W-K alloy. The two mock-ups were exposed to the energetic H neutral beam with 6% doping of He, and the acceleration voltage was 29 kV [27] .
The extracted beams were analyzed with Doppler spectroscopy to determine the energy and species distribution of the incident particles [23] . The tested components were placed at the center of the neutral beam, as such loading conditions were different, depending on the distance between the sample position and the center of the beam. Before the official test, screening tests at different power densities (6, 8, 10, 13 , and 15 MW m −2 ) were carried out, and the surface temperatures of the central samples were obtained. Subsequently, a cyclic heat loading with a heat flux of 10 MW m −2 was performed for the W-Y 2 O 3 component, and 8 MW m −2 was conducted for the component consisting of pure W and W-K alloy. The surface temperature was recorded with the pyrometer and infrared (IR) camera. Since the samples have three different heights, the surface temperatures were different due to their different thermal transfer capabilities. The particle flux at the beam center was 3.7 × 10 21 m −2 s −1 , and 125 pulses were applied. As such, the total particle fluence at the center of the beam was 1 × 10 25 m −2 [27] . The detailed irradiation parameters are summarized in Table 1 . Only the surface temperature of 15 mm samples was measured by the pyrometer, and surface temperatures of other samples were calculated. In addition, the surface temperature is for information only. There is no actual temperature. The heights of the W and W alloys in a component were also indicated in the sample 
Electron beam transient loading
The synergetic effect of the response of different kinds of tungsten alloys exposed to the steady state and transient thermal load is very important to understand the damage process of PFMs under fusion-relevant conditions. Therefore, the samples after the high-energy H/He beam loading were cut from the components and exposed to ELMlike repetitive transient heat loads with a 60 kW electron beam high heat flux test equipment 60 kW Electron beam Material-test Scenario (EMS-60) at Southwestern Institute of Physics [30] . Each sample suffered 100 cycles of 1 ms pulse duration with absorbed energy densities of 0.22 and 0.33 GW m −2 at room temperature (RT), and the loading area was a square with dimensions of 4 mm by 4 mm. The absorption coefficient for the calculation of the absorbed power density was 0.46.
Characterization
Scanning electron microscopy (SEM) was conducted to investigate the morphological changes on the surfaces of the exposed W materials in detail. The irradiation-induced damage on the cross sections of samples, particularly, the propagation of the irradiation-induced crack was also investigated carefully with the help of focused ion beam (FIB). 3 Results and discussion Figure 2 shows the morphological changes on the surfaces of the samples after the H/He neutral beam loading. In detail, the morphological changes on the surfaces of samples (including W-Y 2 O 3 , W-K, and pure W from left to right) with the height of 5 mm are shown in the top row. It is shown that significant erosion with a layered microstructure was observed on the surface of the exposed samples. The exposed surface is the plane that parallels to the forging axis, which has a laminated microstructure [27, 31] . Therefore, the layered microstructure should be due to the microstructure anisotropy induced by the plastic deformation. The bottom row shows the morphological changes on the surfaces of samples (including W-Y 2 O 3 , W-K, and pure W from left to right) with a height of 10 mm. The morphological changes of samples shown in the bottom row are quite different from that of the upper ones. In addition, partial recrystallization would occur on those samples. This would be caused by the screening tests which were performed at the power density in the range of 6-15 MW m −2 . The surface temperature should be above the recrystallization temperature of the tested samples at such a condition. Figure 3 shows the surface morphology with high magnifications of tungsten specimens with different heights, irradiated by the H/He neutral beam. The top, middle, and bottom rows are the samples with heights of 5, 10, and 15 mm, respectively. The left column shows the results of the irradiated W-Y 2 O 3 alloys, the middle column is the SEM images of W-K alloy, while the right column is SEM images of the pure W sample. For the 5 mm samples which means that the surface temperature is lower than that of the others, no major changes except erosion were observed. Nanostructures were formed on the surfaces of the samples with a height of 10 mm as shown in the middle row. A further investigation shows that the morphologies of nanostructures on W-Y 2 O 3 , W-K, and pure tungsten are significantly different. A coral-like nanostructure was formed on the surface of W-Y 2 O 3 alloy, while only pinholes can be observed on the surface of W-K and pure W samples. However, for the samples with heights of 15 mm which have the highest surface temperatures, the morphological changes of surfaces on the W-Y 2 O 3 and W-K specimens are almost the same, presenting a typical coral-like nanostructure. The previous results show that the temperature has an important influence on the formation of the coral-like nanostructure induced by He ion irradiation [32] . Considering the different parameters (power density and surface temperature) of the neutral beam irradiations, it is safe to conclude that the different surface morphologies should be caused by the difference of their surface temperatures.
H/He neutral beam irradiation
The surface temperature of the sample with a height of 5 mm is lower than the critical temperature at which the coral-like nanostructure could be generated, while the surface temperature of the sample with a height of 15 mm is higher than the critical temperature. For the sample with a height of 10 mm, the surface temperature is around the critical temperature for the formation of the corallike nanostructure. As such, the coral-like nanostructure formed on the surface of the W-Y 2 O 3 sample exposed to the H/He neutral beam with a power density of 10 MW m −2 , while pinholes were presented on the surface of W-K alloy and pure W samples exposed to a lower power density (8 MW m −2 ). Figure 4 shows the magnified surface morphologies of different tungsten samples with the height of 5 mm. The morphological changes on different tungsten samples are different, although they were exposed to the same H/ He neutral beam. For detail, many pinholes with sizes of several nanometers were shown on the surface W-Y 2 O 3 . Similar pinholes were also observed on the surface of the exposed W-K specimen. However, there is no such kind of pinholes on the surface of the exposed pure W. The difference should be due to the addition of dispersion particles in the tungsten matrix. In general, the addition of dispersion-strengthened particles refines the grains of tungsten specimens, leading to an increase of the grain boundary density. In addition, there are enormous phase boundaries between the dispersion-strengthened particles and tungsten matrix. The previous results show that both the grain boundary and phase boundary are sinks for the He atoms [33, 34] . Therefore, the implanted He atom prefers grain boundaries and phase boundaries, where He bubbles could be easily formed at those sites, resulting in the formation of pinholes which are formed by the coalescence and bursting of He bubbles. With this respect, under H/ He neutral beam irradiation, the dispersion-strengthened tungsten alloys are more susceptible to form pinholes compared to pure tungsten.
The cross-sectional images of the exposed tungsten samples with different heights are also investigated by SEM with the help of FIB. Table 2 shows the thicknesses of the modified surface layers of different tungsten specimens. Figure 5 shows the cross-sectional details of the three different 
ELM-like transient loading
To and 0.33 GW m −2 ) were adopted. The crack pattern and arithmetic mean width of the cracks are summarized in Table 3 . Figure 6 shows the crack patterns of the tested samples. Results show that the crack initiation threshold of the W-Y 2 O 3 sample is between 0.22 GW m −2 and 0.33 GW m −2 , while the crack initiation thresholds of both pure W and W-K samples are less than 0.22 GW m −2 . The higher cracking threshold of the W-Y 2 O 3 should be attributed to its better plasticity and strength at the testing temperature [6] , which is consistent with our previous results [35] . A further investigation of the crack patterns shows that the crack width of pure W is much larger than that of W-K alloy, although their cracking thresholds are the same. This result is reasonable as the W-K alloy has a higher strength than pure W, leading to a better irradiation resistance to the initiation and propagation of cracks. 
Conclusion
Three kinds of tungsten-based PFMs including pure W, W-K, and W-Y 2 O 3 alloys were processed by hot-plastic deformation. Lamellar structure and numerous microstructure defects can be found in the deformed samples. . The preferential erosion, pinhole, and corallike nanostructure gradually formed on the surface of the exposed samples with the increase of surface temperatures. A higher surface temperature also gives rise to a higher thickness of the modified layer with cavities.
Subsequent ELM-like heat tests were also performed on the samples with the high-energy neutral beam pre-loading by 120 kV electron beam with 100 pulses at RT. The results show that the cracking thresholds of the exposed samples were different. The cracking threshold of the W-Y 2 O 3 samples was between 0.22 and 0.33 GW m −2 , while the cracking threshold of pure W and W-K samples was less than 0.22 GW m −2 . Both parallel crack and net-like crack patterns were observed. This could be due to the microstructure modification of the surface layer induced by the H/He neutral beam pre-irradiation. However, more studies about the thermo-mechanical properties of the modified layer induced by the H/He neutral beam are still needed, to understand the crack initiation and propagation mechanisms of the sample exposed to the ELM-like transient heat load. 
